FepA is the Escherichia coli outer membrane protein responsible for the uptake of ferric enterobactin and the binding of colicins B and D to the cell surface (24, 33, 40) . The fepA gene, whose expression is induced under conditions of iron limitation (18, 25) , has been cloned and sequenced (21) ; the FepA receptor has a molecular weight of 81 kilodaltons (kDa) (21) . Ferric enterobactin transport also requires the TonB (39) and ExbB (13) functions, a periplasmic protein, FepB (30) , and a proposed inner membrane complex containing FepC, FepD, and FepE (28, 30) . Since FepA interacts with its substrates in the external environment and may interact with TonB, ExbB, and/or FepB (proteins presumably located in the periplasm or inner membrane [9, 11, 30, 31] ), it is probable that it contains domains which are exposed both on the outer surface of the cell and in the periplasmic space.
Recently a number of investigators have used gene fusions to study the topology of E. coli inner and outer membrane proteins (5, 6, 8, 12, 16, 23) . In these studies, either the lacZ or phoA structural gene was fused to target genes and characterized with regard to the final localization of the ,3-galactosidase or alkaline phosphatase (AP) portions of the hybrid proteins. Because it has been determined that AP is enzymatically active only when it is localized to the periplasm (5, 23) , gene fusions to phoA have been used to predict the periplasmic surface residues of target membrane proteins.
To delineate the structure of the ferric enterobactin receptor, a library of insertions into fepA was constructed by using the specialized transposon TnphoA (22) . The resulting gene fusions contained 5' portions of the fepA gene, encoding part of its promotor and its entire signal sequence, joined to sequences encoding an enzymatically active segment of E. coli AP. The FepA::PhoA hybrid proteins generated in this study all contained their PhoA portions in the periplasmic space. Even though FepA sequences of the fusion proteins were exposed on the outside of the cell, no fusions were * Corresponding author.
isolated which expressed AP on the exterior face of the outer membrane (OM). Sequences in the mature FepA polypeptide were identified which may localize FepA to the OM.
MATERIALS AND METHODS
Media, strains, and plasmids. Bacterial strains were grown in either LB medium (27) or T-medium without added iron, plus required supplements (18) at 37°C. When required, media contained ampicillin (100 ,ug/ml) or kanamycin (100 or 300 pg/ml). E. coli LE392 was used for lytic growth of X-TnphoA, a specialized phage carrying TnS with phoA inserted into its IS50L (22) (14) and plated on LB agar containing kanamycin (300 ,g/ml) and ampicillin. Plasmid DNA from these cells was isolated and used to transform a fresh culture of KDL118, which was plated on LB agar with kanamycin (100 ,ug/ml), ampicillin, and the AP indicator 5-bromo-4-chloro-3-indolylphosphate (XP; 40 ,ug/ ml). Blue and white transformants were picked into individual wells of a 96-well microtiter plate containing LB plus kanamycin and ampicillin, grown overnight, and transferred at 5% inoculum to a fresh plate containing T-medium without added iron. After overnight incubation, the cells were pelleted by centrifugation of the plate, boiled in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, and subjected to SDS-PAGE (20) . Protein from the gels was electrophoretically transferred to nitrocel- I Vesicles or cells were stained with anti-AP (AP), anti-LPS MAb6 (LPS), or anti-OmpF MAb12 (OmpF) and either FITC-GaRIg or GaMIg and then analyzed cytofluorimetrically. To correct for differences in flow cytometer calibration from experiment to experiment, data are expressed as the ratio of the mean log fluorescence of the experimental population to the mean log fluorescence of the control KDL118(pITS449) population. Because vesicle populations stained with anti-AP and FITC-GaR consisted of a mixture of fluorescent inside-out and non-fluorescent right-side out particles (see text), the percentage of the population which showed positive fluorescence relative to the background is given in parentheses. For determination of this value, a marker was set at the fluorescence channel that included 95% of the control population, and fluorescence intensities that exceeded this channel were considered positive. lulose paper (NC) overnight at 20 V (38). The NC was blocked in 50 mM Tris chloride (pH 7.5)-0.5 M NaCl (TBS) plus 0.5% Tween-20 and then incubated with primary antiserum (0.2% in TBS plus 2% gelatin [TBSG]) for 2 h at room temperature. After washes (five changes over a 30-min period) with TBS plus 0.05% Tween-20, goat anti-rabbit immunoglobulin (GaRIg)-AP (0.2% in TBSG; Sigma) was added and incubated for 2 h. After washing as above, the NC was developed in XP and nitroblue tetrazolium (4) until background began to appear. Anti-AP-reactive proteins differing in their electrophoretic mobilities were chosen for further analysis.
Enzyme assays. Cultures were grown and passaged in 96-well plates as described above and then assayed by the method of Michaelis et al. (26) with o-nitrophenyl phosphate for AP activity. Glucose-6-dehydrogenase was assayed as recommended by the Worthington Enzyme manual (C. C. Worthington, 1988, Worthington Biochemical Corp., Freehold, N.J.).
Sequencing of fusion junctions. Plasmid DNA from fusioncontaining strains was isolated and purified as described previously (19) and subjected to double-stranded sequencing with modified 17 polymerase (U.S. Biochemicals). Oligonucleotides which hybridized either to a region 118 to 135 bases upstream of the left end of TnphoA (for transpositions in the correct orientation) or to a region 58 to 75 bases 5' to the right end of IS50R (for transpositions in the opposite orientation) were used as sequencing primers.
Generation of antisera. FepA and AP (Sigma) were prepared by electrophoresis of the partially purified proteins on denaturing SDS-PAGE, excision of the FepA-containing or AP-containing band, and elution of the protein from the acrylamide (15) . Each protein was then adsorbed to alum (Alhydrogel; Accurate Chemical) and used to immunize rabbits (100 ,ug of protein, weekly for 1 month). Serum was collected at 5 weeks and tested for reactivity to FepA or AP by enzyme-linked immunosorbant assay and Western blot (immunoblot). For flow cytometry experiments, antibody was purified by affinity chromatography with immobilized AP (Aminolink; Pierce Chemical Co.). MAb6 is a mouse monoclonal antibody (MAb) specific for E. coli K-12 lipopolysaccharide (LPS) (our unpublished results). MAb12, an OmpF-specific monoclonal antibody, has been described previously (3) , and MAb9 is a Cir (colicin I receptor)-specific monoclonal antibody (Murphy and Klebba, manuscript in preparation).
Subcellular fractionation and analysis. KDL118 harboring fusion plasmids or pITS449 was grown in LB broth, pas- saged at 5% in T-medium as described above, and grown to mid-exponential phase. Growth in T-medium maximized the derepression of FepA biosynthesis (18) and reduced the endogenous proteolysis of FepA: :PhoA fusion proteins. Fractionation was carried out by the method of Ito et al. (17) , yielding cytoplasm, periplasm, and inner and outer membranes. Equivalent volumes of each fraction were subjected to 10% SDS-PAGE, transferred to NC paper, and stained with anti-AP serum, as above. For flow cytometric experiments, OM vesicles were prepared by the same procedure except that instead of sonication, cells were lysed by passage through a chilled French pressure cell at 15,000 lb/in2 prior to purification on sucrose gradients (17) . Benzamidine (Sigma) and phenylmethylsulfonyl fluoride (PMSF; Research Organics, Inc.) were included in all buffers at 1 (8, 12, 22, 35) and produces characteristic banding patterns on immunoblots, which depend on the position of the fusion in the target gene. Ultimately, DNA sequencing established 21 unique TnphoA insertions into fepA (Fig. 1) , which conferred high levels of AP activity to the strains carrying them (Table 1) .
AP-transformants were also studied to account for the possibility that they expressed fusion proteins whose AP moieties were either sequestered in the cytosol or present on the surface of the OM and were therefore enzymatically inactive. Over 100 such transformants were analyzed by Western blot with both anti-AP and anti-FepA sera, but none possessed AP fused to FepA, and none showed AP activity when lysed and assayed in vitro. AP-transformants had either wild-type FepA, resulting from transposition of TnphoA into regions of the plasmid other than the fepA gene, or a truncated form of FepA, resulting from transposition of TnphoA in reverse orientation or out of frame in fepA (Fig.  1) the plasmids and DNA sequence analysis, and such hybrids were not studied further.
Localization of FepA::PhoA fusion proteins. The 21 Ap+ transformants were fractionated into cytosol, periplasm, inner membrane, and OM by the method of Ito et al. (17) . The fractions were immunoblotted with anti-AP serum to ascertain the subcellular location of the fusion protein (Fig.  2) . The efficiency of the separation procedure was monitored by assaying the fractions for glucose-6-phosphate dehydrogenase (a cytosolic enzyme), OmpF, and Cir (both OM markers; determined by immunoblot with monoclonal antibodies to each protein). In agreement with previous studies (17) , no contamination of the periplasm by OM proteins was observed (data not shown). Six of the 21 fusion proteins fractionated with the periplasm, and the remaining 15 fractionated with the OM. The virtually complete localization of putative periplasm-localized fusion proteins to the periplasmic fraction and of putative OM-localized fusion proteins to the OM fraction was further evidence of the efficiency of the separation procedure. If periplasm was contaminated with OM or vice versa, then fusion proteins would be expected to fractionate with both OM and periplasm. This was not observed (Fig. 2) . No fusion proteins were detected in either the inner membrane or cytosol fraction. Analysis of the TnphoA fusion sites in fepA showed that the periplasmic hybrid proteins contained between 2 and 178 residues of the mature FepA amino terminus fused to PhoA, while those associated with the OM possessed from 227 to 710 residues of the FepA amino terminus (Table 1) .
Protease susceptibility of hybrid proteins. To determine whether the fusion proteins had sequences exposed on the outer surface of the cell, trypsin accessibility experiments were performed. All of the periplasmically localized fusion proteins were resistant to trypsin degradation in whole cells (Table 1 ; pFP27 in Fig. 3, lanes 5 and 6) . To confirm that periplasmic fusion proteins were intrinsically susceptible to proteolysis by trypsin, isolated periplasmic fractions from strains carrying pFP2 through pFP178 were exposed to the enzyme under the same conditions. Immunoblot analysis of these samples showed digestion of the fusion protein (results not shown). These data suggest that periplasmic FepA:: PhoA hybrids can be degraded by trypsin, but in whole cells they are protected by the integrity of the OM. Conversely, trypsin degraded OM-localized fusion proteins in whole cells to an AP-sized product (Table 1 ; Fig. 3, lanes 8, 9, 11 , and 12). When isolated OM fragments were incubated with trypsin, FepA::PhoA hybrid proteins were completely digested, demonstrating their intrinsic trypsin sensitivity. Wild-type FepA was also degraded by trypsin in intact cells (Fig. 3, lanes 2 and 3) . To establish that the enzyme was not entering the periplasm in these experiments, the accessibility of OmpA to trypsin was determined immunochemically. OmpA was resistant to trypsin cleavage in whole cells, in agreement with previous reports (37) . The observation that OM-localized FepA::PhoA hybrid proteins are digested to a limit-sized, AP-containing band suggests that their AP moiety is in the periplasm and that the degradation leading to this product results from the action of trypsin on FepA sequences at the cell surface. Alternative explanations are considered in the Discussion. The exogenous digestion of the OM-localized hybrids by trypsin implies that their FepA portion was inserted in and spanned the OM.
Detection of AP sequences on the periplasmic face of the OM. To determine directly the localization of the AP moieties of FepA::PhoA fusion proteins, cytofluorimetry with affinity-isolated antibodies to AP was used. Both whole cells and French pressure cell-prepared OM vesicles containing fusion proteins were stained with rabbit anti-AP and FITCGaRIg and analyzed for green fluorescence. Two cell surface-reactive monoclonal antibodies, recognizing LPS (MAb6) and OmpF porin (MAb12) were used as positive controls, and both reacted strongly with intact bacteria, including strains carrying either pITS449 or fusion plasmids (Table 1) . Affinity-purified anti-AP antibodies, on the other hand, did not react with intact bacteria containing OMlocalized FepA::PhoA fusion proteins. Since Western blots of these cells confirmed the presence of full-length fusion proteins, it was apparent that the AP portion of the hybrid proteins did not protrude on the surface of the OM.
Purified, French press-generated OM vesicles from strains harboring pFP227 through pFP710 reacted distinctly with anti-AP antibodies (Table 1; Fig. 4a) . The fluorescence VOL. 171, 1989 intensities of OM vesicles containing FepA::PhoA hybrid proteins were 100 to 1,000 times brighter than those observed for vesicles from KDL118 carrying either pITS449 or periplasmic fepA::phoA fusion plasmids (Table 1; Fig. 4 ). These data suggest that in all of the OM-localized FepA:: PhoA fusion proteins generated in this study, the AP moiety of the hybrid is situated on the periplasmic face of the OM.
Some strain-to-strain variability was observed in the percentage of the vesicle population that showed positive fluorescence (Table 1) , which was attributed to the fact that the French press generates a mixture of "inside-out" and "right side-out" OM vesicles (2) , and the observation that certain fusion proteins (e.g., pFP368) were more susceptible to endogenous proteolysis, prior and subsequent to French pressure cell lysis. Although a small fraction of OM vesicles from cells carrying periplasmic hybrid proteins fell into the positive fluorescence interval, a similar small percentage of the control pITS449 vesicle population also showed positive fluorescence. This fluorescence "tail" seen on histograms of such populations (Fig. 4) probably represents nonspecific adsorption of antisera to the particles and was distinguished from the distinct peaks of fluorescence seen for vesicles containing OM-localized fusion proteins.
DISCUSSION
The methodology of Manoil and Beckwith (23) , using gene fusions with bacterial AP, has been well characterized for the prediction of inner membrane protein topology (1, 5, 6, 14, 23) . When similar techniques are applied to outer membrane proteins, however, uncertainties arise regarding the in vivo fate of the hybrid proteins resulting from gene fusion with phoA. Primary among these is the ultimate localization of AP in the cell envelope. Protease susceptibility of fusion proteins has been used in other systems to address this point (1, 5, 6, 16) , and while proteolytic digestion of FepA::PhoA fusion proteins was suggestive with respect to AP localization, methodological problems complicated the interpretation of such data. (i) The native conformation of AP is highly resistant to trypsin digestion (34; our unpublished data), but certain FepA::PhoA hybrid proteins could be fully digested by the enzyme. This implies that the even though the hybrids were enzymatically active, their AP moieties did not assume their fully protease-resistant conformation. (ii) FepA::PhoA fusion proteins were degraded by endogenous proteases in vivo (Fig. 3, lanes 4, 7, and 10) ; such digestion of OMlocalized fusion proteins produced AP portions that fractionated with the periplasm, supporting the idea that the AP moiety of such hybrids is in fact periplasmic. Nevertheless, this protease activity made it difficult to interpret exogenous trypsin susceptibility experiments in an unequivocal manner. (iii) Although periplasmic fusion proteins were refractile to digestion in intact bacteria exposed to trypsin, a small quantity of AP-sized fragment was seen on immunoblots of such cells (Fig. 3) , suggesting either that trypsin was entering the periplasm or that proteolysis occurred during lysis of the samples for SDS-PAGE, due to incomplete inhibition of trypsin at this stage by PMSF, and the ability of the enzyme to act in SDS (7) . (iv) If the AP moiety of OM fusion proteins resides on the periplasmic face of the outer membrane, then digestion of intact cells with exogenous trypsin should produce AP with FepA fragments linked to its amino terminus. Such appropriately sized, AP-containing polypeptides were detected on Western blots of OM-localized FepA:: PhoA hybrids subjected to trypsin digestion (Fig. 3, lanes 8,   9 , 11, and 12), but conversion to this form was not quantitative and was complicated by the endogenous proteolysis noted above (Fig. 3, lanes 7 and 10) . The If sufficient FepA residues were present at their amino terminus, then nascent FepA: :PhoA fusion proteins entered the outer membrane in a conformation which permitted their proteolytic degradation from the exterior. In each case, the AP moiety remained periplasmic. It is possible that phoA did in fact fuse into regions of fepA which encode cell surface domains but that AP failed to reach the external surface because it self-assembles into a hydrophilic, globular protein which cannot traverse the outer membrane. PhoA fusions to extracellular proteins remain cell associated (10, 32, 36) , and it has been postulated that the AP moiety of these hybrids interferes with their export. Alternatively, AP tethered to FepA on the exterior surface of E. coli may be lethal, or such fusions may be rare because FepA has few surface-exposed domains. The latter explanation seems unlikely, however, because of the extensive protease sensitivity of FepA in whole cells. During the generation of the FepA::PhoA gene fusion library, multiple independent isolates of particular fusion joints were observed. Whether these points of insertion are in specific, periplasmically exposed sequences of FepA remains undetermined at this time and is the subject of current research. The fusion events themselves appear random, as has been observed for the FhuA::PhoA fusions isolated by Gunter and Braun (12) ; no "clustering" in particular regions was observed, as suggested by Coulton et al. for FhuA::PhoA fusions (8) .
Fusions containing up to 178 amino acids of the mature FepA amino terminus were exported to the periplasm, whereas those containing additional FepA residues fractionated with the OM. This is in agreement with studies by Gunter and Braun (12) and Coulton et al. (8) , which show that a certain portion of the amino terminus of the FhuA protein is required for outer membrane association of fusion proteins. The region between amino acids 178 and 227 of FepA is ostensibly sufficient to direct the FepA moiety to the outer membrane, even though this sequence does not include a stretch of hydrophobic amino acids which might be expected to span the membrane (21) . This segment of fepA may encode a conformational determinant which triggers membrane association of the fusion polypeptide or a sequence or conformation recognized by the secretory apparatus responsible for routing OM proteins to their proper destination.
